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Further progress in the development of ECR ion sources (ECRIS) requires deeper understanding of the under-
lying physics. One of the topics that remains obscure, though being crucial for the performance of the ECRIS, is
the electron energy distribution (EED). A well-developed technique of measuring the EED of electrons escaping
axially from the magnetically confined plasma of an ECRIS was used for the study of EED in unstable mode
of plasma confinement, i.e. in the presence of kinetic instabilities. The experimental data were recorded for
pulsed and CW discharges with a room-temperature 14 GHz ECRIS at the JYFL accelerator laboratory. The
measurements were focused on observing differences between the EED escaping from a stable and unstable
plasmas. It was found that nonlinear phenomena alter the EED noticeably. The electron losses are enhanced
in both unstable regime and with two-frequency heating suppressing the instabilities. It has been shown earlier
that two-frequency heating boosts the ECRIS performance presumably owing to the suppression of instabilities.
We report the observed changes in EED introduced by the secondary frequency in different regimes, including
an off-resonance condition where the secondary frequency is lower than the minimum frequency satisfying the
resonance condition for cold electrons at the magnetic field minimum. Finally, we suggest an experimental
method of qualitative evaluation of the energy distribution of electrons confined in the magnetic trap using a
method of measuring energy distribution of lost electrons during the plasma decay in pulsed operation of the
ion source.
I. INTRODUCTION
Electron cyclotron resonance ion sources (ECRIS) have
been essential in fundamental nuclear physics research and
applications over the past several decades. They are used in
a wide range of accelerator facilities for the production of
highly charged ion beams of stable and radioactive elements,
from hydrogen up to uranium. The ECRIS performance cru-
cially depends on highly charged ions trapping efficiency. The
ion confinement time is a complex function of the ion tem-
perature Ti and electrostatic potential dip ∆Φ, caused by the
accumulation of magnetically confined electrons to the core
plasma and different loss rates of electrons and ions result-
ing in an ambipolar potential barrier restricting the ion losses
[1, 2]. Improvements of the magnetic plasma confinement
over the past years have yielded significant enhancements of
the ECRIS performance. However, despite the fact that the
enhancement of the magnetic systems leads to an obvious in-
crease of the ion confinement time, high charge state ion pro-
duction is impossible if the mean electron energy is too low.
Thus, knowledge on electron energy distribution (EED) is es-
sential for tuning the ECRIS for the best performance in terms
of high charge state production. Measurement of the plasma
and wall bremsstrahlung is a traditional technique of estimat-
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ing the EED of an ECRIS plasma. However, such measure-
ment gives information only on a so-called spectral tempera-
ture (i.e. slope of a linear fit to bremsstrahlung spectrum in log
scale) and maximum electron energy. Despite being suitable
for relative evaluation of the electron heating efficiency, these
parameters do not allow to estimate the ionization rate of a
particular charge state. Thus, knowledge on the EED is essen-
tial for further improvement of ECRIS performance. Further-
more, it has been shown that the ECRIS plasma is prone to
kinetic instabilities [3], which leads to a dramatic decrease in
performance [4, 5], i.e. in the high charge state current. The
onset of kinetic instabilities is determined by the EED of con-
fined high-energy electrons [6–8], which highlights the neces-
sity of gathering information on the EED to understand the un-
derlying mechanism and to mitigate the instabilities [9]. The
present work is an overview of the recent experiments devoted
to direct measurements of the lost electrons energy distribu-
tion (LEED), i.e. the energy distribution of electrons escaping
axially the magnetic confinement of conventional minimum-
B ECRIS. The data reported here focuses on the temporal dy-
namics of the LEED and transition between stable and unsta-
ble (i.e. in the presence of kinetic instabilities) regimes. CW
and pulsed operation with single and double frequency heat-
ing were investigated. Also, some relevant results obtained in
stable mode [10] are presented. It is emphasized that the EED
of the confined electrons in the magnetic trap and the LEED
are very likely different. However, it may be argued that the
LEED reflects the EED of the confined electrons at least in
2terms of parametric dependencies.
II. EXPERIMENTAL SETUP
The experimental data were taken with the JYFL 14 GHz
ECRIS. The source uses a permanent magnet sextupole and
two solenoid coils. The superposition of the solenoid and sex-
tupole fields forms a minimum-B structure for plasma con-
finement. The maximum strength of the permanent magnet
sextupole (i.e. the radial field) is 1.09 T at the chamber wall.
The axial field strength can be varied by adjusting the solenoid
currents, which affects the injection and extraction mirror ra-
tios as well as the Bmin/BECR ratio (BECR = 0.5 T at 14 GHz).
The solenoid field configuration is best described by the val-
ues at injection (Bin j), minimum (Bmin), and extraction (Bext ).
Typically used settings, corresponding to a normal ECRIS op-
eration, are Bmin/BECR = 0.75, the values are Bin j = 1.976 T,
Bmin = 0.375 T, and Bext = 0.913 T. Bmin/BECR ratio is given
later for each experiment being the most convenient for de-
scribing the magnetic field strength. The solenoid currents
were kept identical and were adjusted simultaneously. Typi-
cal operating neutral gas pressures are in the 10−7 mbar range
and the plasma electrons are heated by 100–600 W of mi-
crowave power at 14 GHz. The source is equipped with a
secondary waveguide port connected to a 10.75–13.75 GHz
TWT amplifier with 350–400Wmaximum power used simul-
taneously with 14 GHz microwaves for two-frequency heating
experiments. The secondary heating frequency is launched
through a magic tee equipped with a microwave diode and
connected to an oscilloscope with attenuator and power lim-
iter for detecting the electromagnetic plasma emission in un-
stable mode. This signal is used as a triggering signal dur-
ing experiments in unstable mode. Bismuth germanate (BGO)
scintillator coupled with a current-mode photomultiplier tube
(Na doped CsI) was used as a (relatively) fast x-ray detector
placed outside the plasma chamber near a radial diagnostics
port. These complementary diagnostics yield information on
the hot electrons interacting with the plasma EM-wave and
emitting microwave radiation, wall bremsstrahlung (power)
flux induced by energetic electrons escaping the confinement.
The electrons escaping the confinement were detected with
a secondary electron amplifier placed in the beamline down-
stream from the 90° bending magnet used as an energy dis-
persive separator. The electron flux was limited by two f=5
mm collimators placed between the ion source and the bend-
ing magnet and yet another f=5 mm entrance collimator in
front of the secondary electron amplifier. All collimators are
made of aluminium and grounded. The polarity of the bend-
ing magnet power supply was changed from the normal op-
eration where the magnet is used for m/q-separation of high
charge state positive ions. The magnetic field deflecting the
electrons was measured with a calibrated Hall-probe. The en-
ergy distribution of the electrons escaping from the confine-
ment was then determined by ramping the field of the bend-
ing magnet and detecting the electron current from the ampli-
fier with either a picoammeter or fast transimpedance ampli-
fier. The energy resolution of the setup provided by the set
of collimators and the distance between them is estimated to
be better than 500 eV. The energy dependent transmission ef-
ficiency of the electrons leaking from the ion source through
the beamline sections and the bending magnet was calculated
assuming that the electron distribution at the extraction aper-
ture is independent of energy and has a KV-distribution [11].
The first two collimators sample a fraction of the beam, which
is directly proportional to the energy of the electron beam as
long as the beam completely illuminates the collimators (elec-
tron energy <100 MeV). Furthermore, the energy dependent
yield [12] of the secondary electrons released from the am-
plifier cathode was taken into account during the data anal-
ysis together with electron back-scattering coefficient [13].
The power supply used for operating the bending magnet coil
had a high precision and small current step with the maxi-
mum current limited to a value corresponding to the electron
energy of 800 keV. The amplifier functions by emitting sec-
ondary electrons from biased aluminium cathode and multi-
plying their number by a chain of subsequent grid stages be-
fore measuring the current from the grounded anode. The
cathode of the secondary electron amplifier was biased neg-
atively to -4 kV with respect to the laboratory ground, thus
prohibiting the detection of electrons with energies below 4
keV. More details together with the experimental scheme may
be found in Ref. [10]. The lost electrons energy distribution
(LEED) was measured as a function of the ion source parame-
ters e.g. microwave power, microwave frequency (or frequen-
cies) and (axial) magnetic field in differentmodes of operation
(CW/pulsed, single/double frequency heating, stable/unstable
plasma). The plasma chamber of the ion source and all fo-
cusing electrodes were grounded throughout the experiment,
meaning that the detected electron flux consists of the elec-
trons leaking from the plasma through the extraction aper-
ture retarded only by the plasma potential of approximately
20 V [14]. Typical LEED obtained in the stable regime us-
ing the technique described above with heating power of 600
W at 14 GHz, Bmin/BECR = 0.75 and 3.5 ·10
−7 mbar of oxy-
gen is shown in Figure 1. The average energy in Figure 1 is
equal to 65 keV, estimated as 〈ε〉= L−1
∫ εmax
εmin
f (ε)εdε , where
L =
∫ εmax
εmin
f (ε)dε measures the total electron losses. A dis-
tinct feature of the LEED is the high-energy hump, visible at
∼200 keV energy. The hump is correlated with the Bmin abso-
lute value and, apparently, appears as a result of interaction of
electrons with low-frequency (several GHz) electromagnetic
wave of yet unknown origin. The hump contains 10-15% of
the total electron flux and accounts for more than 30% of mea-
sured energy losses, which makes it of fundamental interest.
III. TEMPORAL EVOLUTION OF THE LEED DURING
SINGLE INSTABILITY EVENT
A typical LEED evolution within several microseconds be-
fore and after a single instability event (in a periodic instabil-
ity onset regime) is shown in Figure 2. The ion source settings
were the following: single frequency heating at 14 GHz, 400
W, Bmin/BECR = 0.842, 3.5 ·10
−7 mbar oxygen pressure, cor-
responding to an unstable plasma. The data shown in Figure 2
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FIG. 1. An example of lost electron energy distribution obtained
with 600 W microwave power at 14 GHz, Bmin/BECR = 0.75 and
3.5 ·10−7 mbar of oxygen.
was assembled from a set of waveforms recorded for each en-
ergy bin, triggered by an instability event (microwave emis-
sion detected with a microwave diode). The LEED magni-
tude shown in false color and log scale is normalized to unity
square within each time bin. Logarithmic scale is needed as
the signal level within the instability burst itself overcomes the
background signal by more than 3 orders of magnitude.
FIG. 2. LEED evolution within a single instability event. Source
settings: single frequency heating at 14 GHz, 400 W, Bmin/BECR =
0.842, 3.5 ·10−7 mbar oxygen pressure.
The temporal evolution of the microwave emission (white
line, arbitrary units), total electron losses (black line, arbi-
trary units, log scale) and average energy of electrons (red
line, same scale as LEED) may be divided into 5 subsequent
regions. The first region, i.e. t < −2 µs, corresponds to a
quasi-stationary stage, when the LEED changes slowly: the
average energy gradually decreases approaching the instabil-
ity event, whereas total losses increase. The second region,
namely −1.2 < t < −0.2 µs, is where the microwave emis-
sion reaches its maximum power. Electron losses are growing
fast, and periodic oscillations are visible in all signals, indi-
cating a strong non-stationary process being presumably the
interaction of electrons with the electromagnetic wave. The
third region, 0< t < 1.2 µs, corresponds to the stage when the
axial electron losses reach their maximum. Two consequent
“bursts” of electrons are seen within this stage. We would like
to draw Reader’s attention to the notable delay of ∼1 µs be-
tween the microwave emission maximum and the first burst of
electrons. The delay cannot be explained by the electron time
of flight, which is on the order of nanoseconds, but is rather af-
fected by the change of (hot) electron confinement during the
onset of the instability. The fourth region at t > 3 µs features
a gradual decrease of the total losses and an increase of the
average energy, gradually merging with the first stage leading
to the next instability event.
Figure 3(b) shows selected LEEDs: before the instabil-
ity onset (averaged for −5 < t < −2 µs, blue curve), during
the microwave pulse (averaged for −1.2 < t < −0.2 µs, red
curve), during the first (averaged for 0 < t < 0.6 µs, yellow
curve) and the second (averaged for 0.8 < t < 1.2 µs) elec-
tron bursts. Despite the obvious difference in the number of
expelled electrons (being the area under the curves), the most
pronounced differences are the high-energy humps: a single
hump at ∼100 keV before the microwave pulse, two humps
during the microwave pulse (∼100 and ∼300 keV) and no
humps during the electron bursts. The hump at higher energy
is presumably linked to the Bmin value as discussed in the pre-
vious section. The hump at lower energy could be of similar
origin, as a rich electromagnetic spectrum interacting with the
electrons is generated during the instability event [6, 15, 16].
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FIG. 3. LEED at different instances during an instability onset.
Source settings: same as in Fig. 2.
IV. THE EFFECT OF POWERMODULATION ON THE
LEED AND PLASMA STABILITY
It has been shown [3] that the heating power is the sec-
ond most important parameter affecting the plasma stability
(the most important being the magnetic field). Figure 4 shows
the temporal evolution of the LEED, acquired under periodic
power modulation from 192 W (200 ms) to 77 W (200 ms)
at 12 GHz, resulting in stable plasma at low power and un-
stable plasma at high power. The source parameters were
the following: Bmin/BECR = 0.92 and 3.5 · 10
−7 mbar oxy-
gen pressure. The curves in Figure 4 are the bremsstrahlung
flux (black, arbitrary units), the total electron flux (blue, ar-
bitrary units) and the average energy (red, keV). The x-rays
4signal (black) clearly shows periodic bursts of x-rays in the
high power regime where the plasma is unstable.
FIG. 4. LEED evolution during the transition between unstable and
stable plasma. Source settings: single frequency heating at 12 GHz,
192W (200 ms) / 77W (200 ms), Bmin/BECR = 0.92, 3.5 ·10
−7 mbar
oxygen pressure .
The total electron flux is notably higher in the unstable
mode compared to the stable one. This is consistent with ob-
servations showing that instabilities expel a large amount of
electric charge [17]. Although the average energy does not
changemuch, the shape of the LEED changes noticeably. This
is shown in Figure 5, where the red curve represents the LEED
at t=200 ms, i.e. in the unstable regime, and the blue curve - at
t=400 ms, i.e. in stable regime, both taken well after transients
between the two regimes. Besides the total flux, the LEED in
unstable mode shows enhanced losses in the energy range of
20< ε < 100 keV when compared to the stable regime, which
are the electrons supposedly driving the cyclotron instabilities
and reaching the loss cone at the given energy range [18]. The
high-energy hump is present in both LEEDs, though it is more
pronounced in the stable mode, which is consistent with the
current understanding of the rf-scattering process causing the
hump due to interaction with a low-frequency em-wave.
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FIG. 5. LEED in stable and unstable plasma. Source settings: same
as in Fig. 4.
FIG. 6. LEED evolution during the transition between unstable and
CW emission plasma. Source settings: single frequency heating at
12 GHz, 15 W (1000 ms) / 50 W (1000 ms), Bmin/BECR = 0.98,
3.5 ·10−7 mbar oxygen pressure.
V. POWERMODULATION: TRANSITION TO CW
MICROWAVE EMISSION REGIME
It is possible to shift from the unstable regime of plasma
confinement to a quasi-stable one, featured by CW electro-
magnetic emission instead of pulse-periodic one, by further
increase of the heating power under certain source settings as
described elsewhere [19]. Figure 6 shows the temporal evolu-
tion of the LEED, acquired under periodic power modulation
from 15 W (1000 ms) to 50 W (1000 ms) at 12 GHz, resulting
in unstable plasma at low power and quasi-stable (CW regime)
plasma at high power. The source parameters were the follow-
ing: Bmin/BECR = 0.98 and 3.5 ·10
−7 mbar oxygen pressure.
The CW regime is characterized by a noticeably higher total
electron flux when compared to the unstable regime (i.e. sig-
nificantly higher than in the stable regime, see Figure 5). The
red curve in Figure 7 represents the LEED at t=900 ms, i.e. in
the unstable regime, and the green curve – at t=2000 ms, i.e.
in the CW regime, both taken well after transients between the
two regimes. The losses in the CW regime are much greater
at energies below 80 keV and slightly greater above 200 keV
than in the unstable regime, whereas they are similar in be-
tween these energies. This means that the average energy is
lower in the unstable regime when compared to the CW one,
which is clearly seen in Figure 7. The CW regime is typically
found at source settings well above the instability thresholds
[3, 19], in particular, at very high Bmin/BECR ratio.
VI. PLASMA STABILIZATION BY TWO-FREQUENCY
HEATING
Two-frequency heating was first introduced in the 1990s
[20] and is widely used in modern ECRISs. The essence of
the method lies in the injection of lower frequency (and usu-
ally lower power) microwaves, in addition to the primary mi-
crowave radiation, into the ECRIS plasma. Such technique
allows increasing the average charge and current of the ex-
tracted ion beam in comparison to single frequency heating
(even) at the same level of total injected microwave power.
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FIG. 7. LEED in unstable and CW emission plasma. Source settings:
same as in Fig. 6.
FIG. 8. LEED evolution during the transition between stable (double
frequency heating) and unstable (single frequency heating) plasma.
Source settings: 300 W at 14 GHz + 150 W at 12.7 GHz (2 s) / 300
W at 14 GHz (5 s), Bmin/BECR = 0.83/0.92 (calculated for 14 GHz
and 12.7 GHz respectively) and 3.5 ·10−7 mbar oxygen pressure.
The method affects especially those charge states higher than
the peak of the extracted charge state distribution. Two-
frequency heating has yet another significant and positive ef-
fect on the characteristics of the extracted ion beams. It has
been reported [21, 22] that introducing the secondary fre-
quency can significantly increase the microwave power range
in which the ion current is stable. Thus, the method allows
ECRISs to operate properly at settings above the instability
threshold observed in single-frequency operation, i.e. higher
microwave power and magnetic field strength and, therefore,
produce higher currents of highly charged ions as predicted by
the semi-empirical scaling law [23]. The root-cause of stabi-
lizing effect of the second frequency has been discussed in [9].
Figure 8 shows the temporal evolution of the LEED, acquired
under periodic power modulation from 150 W (2 s) to 0 W (7
s) at 12.7 GHz on top of constant power of 300 W at 14 GHz,
resulting in stable plasma in two-frequency heating regime
and unstable plasma in 14 GHz-only regime. The source pa-
rameters were the following: Bmin/BECR = 0.83/0.92 (calcu-
lated for 14 GHz and 12.7 GHz respectively) and 3.5 · 10−7
mbar oxygen pressure.
The total losses in stable (two-frequency regime) and un-
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FIG. 9. LEED in stabilized by 2-frequency heating and unstable
plasma. Source settings: same as in Fig. 6
stable (single frequency regime) are almost identical, which
differs significantly from the case of power modulation, when
the losses were considerably different in stable and unstable
regimes (see Figure 5). Similar to Figure 5, the difference
in LEED’s shape (see Figure 9) is pronounced in the energy
range of 20 < ε < 100 keV and for the high-energy hump,
which is less prominent in unstable regime. These observa-
tions comply with the hypothesis [9] that the secondary fre-
quency enhances losses of high-energy electrons, which in
turn leads to a decrease of cyclotron instability growth rate,
thus stabilizing the plasma. The given example serves to
demonstrate that the two-frequency heating affects the EED
whereas the exact interaction mechanism will be discussed in
a dedicated follow-up paper.
VII. PLASMA STABILIZATION BY OFF-RESONANCE
TWO-FREQUENCY HEATING
The hypothesis on the mechanism of the two-frequency
plasma stabilization mentioned in the previous section and
discussed in detail in [9] is further supported by the follow-
ing observations. Figure 10 shows the temporal evolution of
the LEED, acquired during periodic power modulation from
100 W (2 s) to 0 W (7 s) at 11.56 GHz on top of con-
stant power of 250 W at 14 GHz, resulting in stable plasma
in two-frequency heating regime and unstable plasma in 14
GHz-only regime. The source parameters were the following:
Bmin/BECR = 0.86/1.04 (calculated for 14 GHz and 12.7 GHz
respectively) and 3.5 · 10−7 mbar oxygen pressure. It is un-
derlined that the Bmin/BECR > 1 for the secondary frequency
means that there was no “cold electron” resonance (i.e. the
ECR condition for electrons with ∼zero velocity was not met
anywhere inside the trap) for the secondary frequency. This
implies that the secondary frequency could interact only with
electrons with either considerable longitudinal velocity or to-
tal kinetic energy, as described by the relativistic Doppler-
shifted resonance condition ω = γωc(1± n‖β‖), where γ is
the relativistic Lorenz factor, ωc is the angular cyclotron fre-
quency, n‖ is the longitudinal refractive index and β‖ = V‖/c
is the longitudinal electron velocity normalized to the speed
6FIG. 10. LEED evolution during the transition between stable (dou-
ble frequency off-resonance heating) and unstable (single frequency
heating) plasma. Source settings: 250W at 14 GHz + 100W at 11.56
GHz (2 s) / 250 W at 14 GHz (7 s), Bmin/BECR = 0.86/1.04 (calcu-
lated for 14 GHz and 11.56 GHz respectively) and 3.5 · 10−7 mbar
oxygen pressure.
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FIG. 11. LEED in stable regime, stabilized by off-resonance 2-
frequency heating, and unstable plasma. Source settings: same as
in Fig. 10
of light.
The total losses are noticeably lower in two-frequency, i.e.
stable, regime when compared to the single frequency un-
stable one, contrary to the case of the secondary frequency
being above the “cold” ECR (see Figure 8). The difference
in LEED’s shape (see Figure 8) is pronounced in the energy
range of ε < 200 keV, implying that more particles are ex-
pelled in the unstable regime in this energy range when com-
pared to the stable regime. With the given settings the high-
energy hump has almost vanished in both unstable and stable
regimes.
VIII. DISCUSSION
Results obtained with a well-developed technique of mea-
suring the energy distribution of electrons escaping axially
from the magnetically confined plasma of an ECRIS, and es-
pecially comparing the data in stable and unstable regimes,
are discussed above. We would like to underline that despite
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Decay Experiment
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FIG. 12. Comparison of the LEED and EEDF reconstructed from
the data obtained during the plasma decay. Source settings: single-
frequency heating at 14 GHz, 260 W, Bmin/BECR = 0.73, oxygen
pressure 3.5 ·10−7 mbar oxygen pressure.
the method being a novel non-invasive plasma diagnostic tool
and yielding direct information on electron energies, it does
not provide exact information on the electron energy distribu-
tion of the electrons confined in the trap. Here we propose
an experimental technique which allows estimating the EEDF
inside the trap using the LEEDmeasurements andmaking cer-
tain assumptions. The technique is based on pulsing the mi-
crowave power, first allowing the plasma to reach a steady-
state, then switching off the microwave radiation and measur-
ing the time-resolved EED of the electrons escaping through
the extraction mirror during the plasma decay. In the absence
of RF pitch angle scattering and kinetic afterglow instabili-
ties, collisional scattering is the main process pushing elec-
trons into the loss cone. Assuming that the majority of the
collisions are elastic (the validity of such assumption needs
further investigations) and not changing the electron energy,
electron losses integrated over the plasma decay can be argued
to represent the information on the EED prevailing inside the
plasma at the moment when the microwaves are switched off.
An example of such evaluation is presented in Figure 12 (red
curve) together with LEED measured before the trailing edge
of the heating pulse (blue curve). Both curves are normalized
to the unity square. The source settings were the following:
single-frequency heating at 14 GHz with 260 W, pulse length
624 ms, repetition rate 1 Hz; Bmin/BECR = 0.73, 3.5 · 10
−7
mbar oxygen pressure.
The overall shape of the two distributions is similar. The
main difference is the absence of the high-energy hump in
the reconstructed EED (which complies with the presumable
origin of the hump being RF-scattering) and a more gentle
slope of the reconstructed EED in the energy range of 20–200
keV when compared to the LEED. More experimental studies
and, most likely, comparison to PIC simulations are required
to confirm the validity of proposed method.
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